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We report on magnetic resonance studies within the magnetically ordered phase of the quasi-lD 
antiferromagnet LiCuVCU. Our studies reveal a spin reorientational transition at a magnetic field 
Hd ~ 25 kOe applied within the crystallographical ab-plane in addition to the recently observed one 
at H C 2 ~75 kOe [ M.G. Banks et al., cond- mat/0608554 (2006)]. Spectra of the antiferromagnetic 
resonance (AFMR) along low-frequency branches can be described in the frame of a macroscopic 
theory of exchange-rigid planar magnetic structures. These data allow to obtain the anisotropy 
of the exchange interaction together with a constant of the uniaxial anisotropy. Spectra of 7 Li 
nuclear magnetic resonance (NMR) show that, within the magnetically ordered phase of LiCuVCU 
in the low-field range H < H c i, a planar spiral spin structure is realized with the spins lying in 
the ab-plane in agreement with neutron scattering studies of B.J. Gibson et al. [Physica B 350, 
253 (2004)]. Based on NMR spectra simulations, the transition at H c \ can well be described as 
a spin-flop transition, where the spin plane of the magnetically ordered structure rotates to be 
perpendicular to the direction of the applied magnetic field. For H > H C 2 ~75 kOe, our NMR 
spectra simulations show that the magnetically ordered structure exhibits a modulation of the spin 
projections along the direction of the applied magnetic field H . 

PACS numbers: 75.50.Ee, 76.60.-k, 76.50.+g, 75.10.Pq 



I. INTRODUCTION 



The quasi-one dimensionality (ID) of the spin sys- 
tem in LiCuVC>4 is provided by the magnetic ions of 
Cu 2+ (3d 9 configuration, 5=1/2). Lithium and copper 
ions share the octahedral sites in the orthorhombically 
distorted spinel structure in that way that the copper 
ions are arranged along chains separated by the non- 
magnetic ions of lithium, vanadium and oxygen. The 
temperature dependence of the magnetic susceptibility 
exhibits a broad maximum at around T=28 K, typi- 
cal for low-dimensional antiferromagnets, and a sharp 
anomaly at T=2.3 K, which is associated with the estab- 
lishing of three dimensional (3D) magnetic order. From 
the values of these temperatures, the authors of Ref. [l| 
evaluated the intrachain and interchain exchange inte- 
grals of 22.5 K and 1 K, respectively. Elastic neutron 
diffraction experiments 2 - on single crystals of LiCuVC>4 
revealed that the 3D ordered phase exhibits an incom- 
mensurate, noncollinear magnetic structure. The scheme 
of this magnetic structure suggested is shown in figure 
[TJ According to that work; 2 - the wave vector of this 
magnetic structure is directed along the copper chains 
(ki C || b) and the value of the ordered magnetic mo- 
ments of the Cu 2+ ions amounts to 0.31/is, lying within 
the ab-planes. The investigation of magnetic excita- 
tions in LiCuV04, using inelastic neutron diffraction 
experiments^ 3 confirmed the quasi-lD nature of this com- 



pound and brought to conclusion that the magnetic in- 
commensurate structure is due to an exotic ratio of intra- 
chain exchange integrals: the nearest-neighbor exchange 
integral (Ji=-18 K) is ferromagnetic and it is strongly 
dominated by the value of the next-nearest exchange in- 
tegral which is antiferromagnetic (J2=49 K, cf. Fig. [TJ. 
This unusual hierarchy of exchange integrals is realized 
in LiCuVC>4 due to indirect exchange interaction through 
the oxygen neighborhood and it can be explained from 
the Goodenough-Kanamori-Anderson rules. 4 Results of 
electron-band structure calculations give the values of 
the exchange integrals J\ and Ji in a good agreement 
with the values obtained experimentally. 3 . The magnetic 
properties of such exchange-bonded chains of Heisenberg 
spins with two exchange integrals J\ and J2 are similar to 
the so called "zigzag" model where pairs of chains, with 
an intrachain exchange integral Ji, are coupled via an 
interchain exchange integral J2 . Such model was studied 
theoretically in the limit of large spin values, as well as 
for 5= 1/2 in references d and[y. In these works it was 
shown that such a ratio of the exchange integrals, which 
are obtained for LiCuV04, results in an incommensurate 
magnetic structure. The value of the incommensurate 
vector ki c experimentally obtained 2 - is found to be be- 
tween theoretical values in the limit of large spin and for 
5=1/2 (cf. Ref. i). 

Thus, LiCuVC>4 presents an example of a quasi-lD 
frustrated antiferromagnet of spins 5=1/2 where strong 
exchange interactions yield an incommensurate non- 
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FIG. 1: Scheme of the spiral magnetic structure of 
LiCuV0 4 (Ref. A fragment of one single chain of edge- 
sharing CUO4 units along with the dominant intrachain ex- 
change integrals Ji and J2 is shown. 
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FIG. 2: Schema of the Cu 2+ sites in the crystal structure of 
LiCuV04. The sites of Cu 2+ ions are marked by grey circles. 
One of the lithium ions is marked by an orange circle and one 
of the vanadium ions by a blue circle, respectively. Upper 
panel: Ji, . . . , Je denote the main exchange integrals defining 
the magnetic structure of LiCuV04 (Ref. 01). Lower panel: 
projection of the crystallographic structure on the ac-plane. 



collincar magnetically ordered structure for temperatures 
T < 2.3 K. In the present work, antiferromagnetic reso- 
nance (AFMR) and nuclear magnetic resonance (NMR) 
on the nuclei of nonmagnetic ions ( 7 Li and 51 V) were 
studied for temperatures within this magnetically or- 
dered phase. Additionally, the AFMR experiment is ex- 
tended towards elevated temperatures T < 30 K where 
3D order already is absent, but spin correlations along 
copper chains are well developed. These temperatures 
are within the range between the maxima of the temper- 
ature dependent magnetic susceptibility x(T) (cf. Fig. 

a. 



II. SAMPLE PREPARATION AND 
EXPERIMENTAL DETAILS 

LiCuV04 crystallizes in an inverse spinel structure 
AB2O4 with an orthorhombic distortion stipulated by 
a cooperative Jahn-Teller effect, induced by Cu 2+ ions. 
The crystal structure of LiCuVC>4 is described by space 
group Imma (Refs. 7.8). In Fig. a schema of the crys- 
tal structure of LiCuVC>4 is shown. The Cu 2+ ions, which 
compose strongly exchange interacting magnetic chains, 



are marked with grey circles. For clearness these copper 
chains along the crystallographic b-direction are joined 
with a solid line to guide the eye. Li 1+ ions occupy oc- 
tahcdrally coordinated crystallographic equivalent sites 
and one of the lithium ions is marked by an orange circle. 
V 5+ ions occupy the tetrahedrally coordinated crystallo- 
graphic equivalent sites and one of the vanadium ions 
is denoted by a blue circle. The lattice parameters in 
a- and c-directions coincide with the distance between 
nearest copper neighbors, but along the b-direction the 
lattice parameter equals twice the distance between near- 
est copper neighbors. 

Single crystals with the volume of some cubic millime- 
ters were grown as described in detail in reference 0. As 
the ionic radii of lithium and copper are very similar, it 
required special efforts to satisfy the stoichiometry of this 
substance. Besides of chemical methods described in Ref. 
ID, lithium unsoundness was controlled additionally with 
the NMR study of 7 Li nuclei. Detailed NMR experiments 
in single crystalline LiCuV0 4 in the paramagnetic phase 
are presented in reference [l^- Figure [3] shows the NMR 
spectra obtained from two single crystals with different 
quality which are denoted (I) and (II). The spectrum 
of the single crystal (II) consists of several lines which 
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FIG. 3: 7 Li NMR spectra of single crystals from two different 
batches. All experiments of this work are performed with the 
single crystal (I). 



are due to defects as it is described in reference [lfj. In 
the present work, all experiments are performed with the 
single crystal (I) which exhibits a single 7 Li spectral line, 
demonstrating a unique lithium site. This single crystal 
(I) was selected from the same batch as the single crystals 
used in references andd The magnetic susceptibility 
was measured in the temperature range 1.7 < T < 400 K 
with a SQUID-magnetometer MPMS7 of Quantum De- 
sign. The AFMR experiments were performed with a 
transmission-type spectrometer using resonators in the 
frequency range 18 < < 110 GHz. At elevated frequen- 
cies 65 < v < 250 GHz, we employed the wave-guide- 
line technique. The magnetic field of a superconducting 
solenoid was varied in the range < H < 90 kOe. Tem- 
peratures were varied within the range 1.2 < T < 30 K. 
The NMR experiments were performed with a phase 
coherent, homemade spectrometer at radio frequencies 
within the range 14.5 < v < 170 MHz. We investi- 
gated the 7 Li (1=3/2, 7/2tt=16.5466 MHz/T) and 51 V 
(1=7/2, y/2tt=11.2133 MHz/T) nuclei using spin-echo 
technique with a pulse sequence 5/iS-T£>-10/iS, where the 
time between pulses td was 40 /is. The spectra were 
collected by sweeping the applied magnetic field within 
8 < H < 93 kOe at constant frequencies. Low temper- 
atures 0.6 < T < 3.3 K were achieved with a 3 He/ 4 He 
dilution refrigerator of Oxford Instruments. The temper- 
atures were stabilized with a precision better then 0.02 K. 
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FIG. 4: Temperature dependences of the molar susceptibility 
X(T) of LiCuV0 4 . The applied magnetic field of H = 1 kOe 
was directed along the principal axes a, b and c of the single 
crystal. Inset: Magnification of the low-temperature range 
for T < 10 K. 
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FIG. 5: Transient microwave power vs. applied magnetic field 
H (H || ab-plane at 1.2 K). The signal of the reference com- 
pound diphenyl-picryl-hydrazyl (DPPH) is marked. For the 
denotations with capital letters A, . . . , F see text. 



III. MAGNETIC SUSCEPTIBILITY 

Figure [4] displays the temperature dependence of the 
molar susceptibility x(T) of LiCuV04 with the applied 
magnetic field H directed along the principal axes of the 
single crystal. The molar susceptibility x(T) exhibits two 
characteristic maxima: the high-temperature maximum 
around T w 28 K is usual for low-dimensional magnetic 
systems and it is associated with the appearance of mag- 
netic correlations within the copper chains. The sharp 



low-temperature maximum (cf. the inset of Fig. [5]) is 
associated with the transition into a 3D magnetically or- 
dered phase at T N = 2.3 K (Refs. HUll). The behavior 
of x(T) with respect to H || a and H || b is almost the 
same, but it essentially differs from x(T) for H || c. In 
the paramagnetic phase and in the 3D ordered phase, the 
values of x(T) for H || c are remarkably enhanced com- 
pared to x(T) for H lying in the ab-plane due to the 
anisotropy of the g-tensor— . 
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FIG. 6: AFMR spectra in the 3D ordered phase vs. applied 
magnetic field H (H || ab-plane at 1.2 K). The capital letters 
mark the different branches of the spectra according to the 
denotations in Fig. El 
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IV. AFMR 

In Fig. [S] we show examples of traces of the transient 
microwave power which are obtained by sweeping the ap- 
plied magnetic field H . The orientation of H was chosen 
to lie within the ab-plane. All traces were recorded at 
the temperature T — 1.2 K, which is nearly two times 
less than Tn- The capital letters 'A', . . . , and 'F' denote 
absorption lines. Four absorption lines 'A, B, C, D' re- 
vealed intense signals, whereas the absorption line 'F' is 
characterized by an narrow width and a tiny intensity. 
It turned out that the rotation of the applied magnetic 
field H within the a, b-plane does not change the po- 
sition of the absorption lines. The resonance positions 
of these absorption lines 'A', . . . , and 'F' are plotted in 
Fig. [5] as a function of the magnetic field H. The res- 
onance positions of the narrow line with small intensity, 
which is marked with the letter 'F' (the grey squares in 
Fig. [5]), most probably have to be attributed to an elec- 
tron paramagnetic resonance (EPR) of impurities in the 
sample. This assumption is corroborated by the observa- 
tion of an decreasing intensity towards higher tempera- 
tures, but temperature independent resonance positions 
of these lines 'F'. Therefore, the absorption lines 'F' will 
not be discussed in our paper. 

Within the field region 22 < H < 28 kOe, which is 
marked in light grey in Figs. Elands a peculiarity in the 
AFMR spectra was observed: towards lower fields H, 
the branch 'A' transforms into the branch 'B' exhibiting 
a coexistence of both absorption lines. The absorption 
line 'A' appears at slightly higher fields, and the absorp- 
tion line 'B' at slightly lower fields with respect to the 
resonance of the reference compound diphenyl-picryl- 
hydrazyl (DPPH, g = 2), respectively (cf. Fig. [5]). This 
peculiarity for applied magnetic fields around 25 kOe we 
associate with a phase transition, most probably of the 
spin-flop type at H c \ « 25 kOe. For the orientation 



FIG. 7: Upper panel: AFMR spectra in the 3D ordered phase 
vs. applied magnetic field H (H || c at 1.2 K). The capital 
letters 'A, D, F' mark different branches of the spectra (see 
text). Lower panel: one example of the trace of the transient 
microwave power vs. applied magnetic field H at 118 GHz 
(H || c at 1.2 K). The signal of the reference compound DPPH 
is marked. 

of the applied magnetic field H || c, two branches 'A' 
and 'D' of the AFMR spectra were observed as shown 
in figure [3 The dashed-dotted lines in Figs. [6] and [7| 
show the branches of EPR spectra, which were measured 
at 4.2 K. The values of the g-factors at 4.2 K are in a 
good agreement with the values reported in reference [ill. 
The solid lines in Figs. [5] and [7] show the AFMR spectra 
which were deduced from a phcnomcnological theory for 
model systems as explained later in the section ["VTll The 
dashed lines in Figs. [6] and [7] are drawn for simplicity of 
perception. 

Figure [8] shows the dependence of the resonance field 
of the 'A'-branch on the angle <f> at the temperature of 
1.2 K, where (j> is the angle between the direction of the 
applied magnetic field H and the c-axis. The field H 
is applied within the ac-plane. The open squares mark 
values of EPR fields, measured in the paramagnetic phase 
at T = 4.2 K for H |j a and H |j c, respectively. At 
78.5 GHz (upper panel), the resonance field for the 'A'- 
branch occurs at a field value which is smaller than the 
field of the EPR signal, when the field H is applied along 
the c-axis (H || c). In case of the orientation H || a, 
the resonance field for the 'A'-branch slightly exceeds 
the field of the EPR signal. The lower panel of Fig. [8] 
displays the situation at a frequency of 37.7 GHz. Here, 
the resonances according to this frequency take place at 
fields less than the transition field H c \ » 25 kOe. In 
this case, the resonance fields for all angles cf) are l ess 
than the EPR fields. Note that the angular dependences 
of the resonance fields predominantly are defined by the 
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FIG. 8: Resonance field of the 'A' branch vs. (j> — Z(H,c) 
at T = 1.2 K. The field H is applied within the ac-plane. 
The open squares mark values of EPR fields, measured in 
the paramagnetic phase (T = 4.2 K) for H || a and H || c, 
respectively. Upper panel: u—78.5 GHz; lower panel: f =37.7 
GHz. 



angular dependence of the g— factor. 

On closer inspection of the experimental AFMR data 
in Figs. [6]and[7]for applied fields H — > 0, there are two 
branches which exhibit an frequency-axis intercept of 
v(H = 0) 25 GHz and w 108 GHz, respectively. These 
two intercepts at 1.2 K deep in the 3D magnetically 
ordered phase identify two excitation gaps which turned 
out to have different temperature dependences: the 
low-frequency gap decreases with increasing tempera- 
tures, and the according branch becomes gapless at a 
temperature near Tjv- In Fig. [51 traces of the transient 
microwave power are displayed as a function of the 
applied magnetic field H for different temperatures 
at ^=24 GHz. Towards decreasing temperatures, the 
AFMR line starts to broaden at a temperature T ~ Tm 
and shifts toward lower fields. At 1.2 K, the broad line 
at zero field H—0 shows that the probing frequency of 
24 GHz is almost equal to the gap value at this temper- 
ature. Using equation [21 analogous spectra obtained at 
the probing frequency of u=38 GHz allow to obtain the 
temperature dependence of the gap value, which is shown 
in the lower panel of figure 1101 The high-frequency 
gap, which has to be attributed to the 'D '-branch, 
remains to be open till much higher temperatures than 
T/v. The upper panel of Fig. [TU] shows traces of the 
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FIG. 9: Transient microwave power vs. applied magnetic field 
H for different temperatures at 24 GHz. The field H is applied 
within the ab-plane. 
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FIG. 10: Upper panel: transient microwave power vs. ap- 
plied magnetic field H for different temperatures at 113 GHz 
(H || a). Lower panel: temperature dependence of the AFMR 
positions of 'B' and 'D' branches at zero field H—Q. 



transient microwave power as a function of the applied 
magnetic field H for different temperatures at z/=113 
GHz (H || a). The AFMR position of the 'D '-branch is 
well defined till T « 10 K. The temperature dependence 
of this shift of the AFMR position is documented in the 
lower panel of figure [TO] The continuous decrease of the 
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AFMR frequency towards higher temperatures indicates 
the closing of the gap. From the extrapolation of this 
continuous decrease to zero frequency we expect the 
'D' branch to be gapless at the temperature of T ~ 13 K. 



V. NMR 

Figures [ITJ and [12] show 7 Li NMR spectra for different 
temperatures obtained at the frequencies of v = 22 MHz 
and 50 MHz, respectively. The magnetic field H was 
applied along all crystallographic axes (H || a, H || b, 
and H || c). These frequencies correspond to applied 
magnetic fields H which are lower than ti c \ « 25 kOe 
in the case of 22 MHz, and higher than H c \ in the 
case of 50 MHz. For temperatures within the param- 
agnetic phase (T > 3 K), the spectra for both frequen- 
cies are almost unshifted with respect to the reference 
field -ff re f = v /l which is indicated by an arrow in fig- 
ures [TTJ and Q2] For decreasing temperatures towards 
Tn, the spectra start to broaden. For temperatures lower 
than Tn, the spectra change to a plateau-like shape with 
some increase of the intensity at their borders. Such 
shape of NMR spectra is characteristic for a spiral struc- 
ture of the ordered electron moments, in which the mag- 
netic ions induce different effective magnetic fields at the 
probing NMR nuclei, where the nuclei occupy crystallo- 
graphically equivalent sites. From the fact of the tem- 
perature independent NMR line shape for temperatures 
0.6 < T < 1.2 K we conclude that the AFMR exper- 
iments at 1.2 K were performed with nearly saturated 
magnetic Cu 2+ moments. 

At 22 MHz for applied fields H < H cl (Fig. [TTJ), 
the NMR spectrum at 0.6 K by application of the mag- 
netic field along c was approximately three times broader 
than the spectra observed by orientation of the field 
along a and b. We also measured at the frequency of 
14.5 MHz (corresponding to an applied magnetic field 
around 8.8 kOe, not shown) and it turned out that the 
line shape at 0.6 K for H || b is not changed compared to 
the spectrum obtained at 22 MHz (cf. uppermost frame 
of Fig. [TTj) . At 50 MHz for applied fields exceeding H c \ 
(Fig. [TJ]), the broad characteristic NMR spectra shape 
was observed for orientations of the magnetic field H par- 
allel to b and c. For the orientation H || a, the NMR 
spectrum remains to be about three times narrower. 

Figures Q2] and [TJ] give the frequency /field depen- 
dence of 7 Li NMR spectra in the paramagnetic phase 
at T = 3.3 K and in the 3D magnetically ordered phase 
at T = 0.6 K, respectively. In the paramagnetic phase at 
T = 3.3 K (cf. Fig. [T3| . we observed one single, unsplit 
spectral line for all frequencies and field orientations and 
a minor line shift with respect to the diamagnetic refer- 
ence field ifref — v ll which is indicated by an arrow in 
figure [T3"l For the field orientation H || a, there is no 
frequency /field dependence of the 7 Li NMR line width, 
whereas for H || b and H || c an appreciable increase of 
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FIG. 11: Temperature dependence of 7 Li NMR spectra at 
22 MHz. The applied magnetic field H was oriented along all 
crystallographic axes a, b, and c. 
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FIG. 12: Temperature dependence of 7 Li NMR spectra at 
50 MHz. The applied magnetic field H was oriented along all 
crystallographic axes a, b, and c. 
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FIG. 13: Frequency dependence of 7 Li NMR spectra in the 
paramagnetic phase at 3.3 K. The applied magnetic field H 
was oriented along all crystallographic axes a, b, and c. 
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the 7 Li NMR line width became apparent towards higher 
frequencies/fields as clearly seen in the uppermost frame 
of figure [121 In the 3D magnetically ordered phase at 
T = 0.6 K (cf. Fig. HU), the line width of the char- 
acteristic spectra shape for H || c turned out to be fre- 
quency/field independent up to the frequency of 100 MHz 
and/or field of 60.5 kOe, respectively. However, the line 
intensity of the central part of these spectra increases 
with increasing frequency /field. At 100 MHz/60.5 kOe, 
a plateau-like shape evolved from the double-horn shape 
at 22 MHz/13.25 kOe. As the frequency /field is further 
increased to 170 MHz/102.75 kOe, the shape of the 7 Li 
NMR spectra changes to one single, unsplit spectral line 
(uppermost frame of Fig. [T4")) . As high-field magnetiza- 
tion measurements revealed a spin reorientation taking 
place at an applied magnetic field of H C 2 « 75 kOe (Ref. 
fl2T ). we interpolate for the change to one single, unsplit 
spectral line to take place at H C 2 « 75 kOe. 

Figure [15] shows the orientation dependence of 51 V 
NMR spectra in the 3D magnetically ordered phase at 
0.6 K for v = 100 MHz. The intense narrow lines at 
around 88.4 kOe are due to the 63 Cu NMR signal from 
the copper wire of the resonant circuit. For all three crys- 
tallographic axes a, b, and c, the line splitting of the 51 V 
NMR spectra amounts to five times the splitting of the 
7 Li NMR spectra. The characteristic NMR line shape of 
51 V for H || c has also been observed in a recent NMR 
study at 120 kOe (Ref. 0J). Due to a much stronger 
hyperfine coupling of the 51 V nuclei^ the effective mag- 
netic fields induced by the Cu 2+ moments are strongly 
enhanced compared to the effective local fields induced 
at the 7 Li nuclei. We also tried to detect 51 V NMR spin- 
echo signals in the low-field range for H < H c i, but for 
all three crystallographic axes a, b, and c our attempts 



FIG. 14: Frequency dependence of 7 Li NMR spectra in the 3D 
magnetically ordered phase at 0.6 K. The applied magnetic 
field H was oriented along all crystallographic axes a, b, and 
c. 

were unsuccessful. We attribute the lack of a vanadium 
signal to very short spin-spin relaxation times in this 
field range. 

VI. DISCUSSION OF NMR EXPERIMENTS 

The magnetic structure of LiCuVC>4 is defined by 
strongly bonded chains of magnetic Cu 2+ ions, directed 
along the crystallographic b-axis. The intra- and in- 
terchain exchange integrals are defined in Ref. [||: the 
intrachain exchange integrals J\ and J2 between nearest 
and next-nearest moments of copper ions in the chain 
are -1.6 and 5.6 meV, respectively (cf. Fig. [T|). The in- 
terchain exchange integrals J3, J4, J5, and Jq between 
chains given in Fig. [2] amount to 0.01, -0.37, -0.014 and 
0.08 meV, respectively. 

The interchain interactions between the chains along 
the direction of the a-axis are defined by the exchange 
integrals J3 and J4 yielding a co-ordered arrangement of 
magnetic moments of neighboring copper ions in this di- 
rection. This interaction is much stronger than the inter- 
action along ac-diagonal (J5, Jq in Fig. [5]), which define 
the interchain interaction of magnetic moments in neigh- 
boring ab-planes. The simple evaluation of the exchange 
interactions with these values of exchange integrals give 
the following hierarchy of energy of interactions recom- 
puted on one magnetic ion: the ferromagnetic interaction 
between the chains within ab-planes is about one order 
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FIG. 15: Upper panel: orientation dependence of V NMR 
spectra in the 3D magnetically ordered phase at 0.6 K and 
100 MHz. The applied magnetic field H was oriented along 
all crystallographic axes a, b, and c. Lower panel: computed 
NMR spectra. 



of magnitude less than the intrachain interactions and 
around ten times larger than the antiferromagnetic in- 
teraction between neighboring ab-planes. The magnetic 
moments of Cu 2+ ions in neighboring ab-planes are ori- 
ented antiparalleli^ 

In the present paper we study NMR on 7 Li and 51 V 
nuclei. In Fig. [2J the positions of one Li + ion and one 
V 5+ ion are shown exemplarily, and it turns out that the 
lattice positions of these ions are essentially different: the 
position of the Li + ions contains the operation of inver- 
sion, but the position of V 5+ does not. The 7 Li nuclei 
reside on positions between neighboring ab-planes. Ev- 
ery lithium ion has four nearest copper ions, which are 
equally distanced from it. Each vanadium ion resides be- 
tween six neighboring copper ions, at that, four of them 
belong to one ab-plane, and two, more distant, to an- 
other ab-plane. 

The effective local fields at the probing nuclei of the 
nonmagnetic lithium and vanadium ions are composed of 
the long-range dipole fields of surrounding magnetic mo- 
ments and of the so called " contact" hyperfine fields due 
to the nearest magnetic ions. The contact fields are ex- 



pected to be proportional to the spin values of the neigh- 
boring copper ions. The contact fields at the 7 Li nuclei 
must be self-compensated in the case of the antiparal- 
lel magnetic ordering of the nearest magnetic moments 
of neighboring ab-planes. At the 51 V nuclei, the con- 
tact fields will be predominantly given by the spins of 
the four nearest magnetic ions of the nearest neighboring 
ab-plane (cf. Fig. [J). The value of the long-range dipole 
field was computed for the positions of 7 Li and 51 V nuclei 
by assumption of the spiral magnetic structure proposed 
in reference [U. For this structure, the magnetic moments 
of the copper ions can be calculated: 



M = AW • h(-l) 2z/c ■ cos(Ac ic • y) + 
+Aiord-l2(-l) 22/c -sin(Ac ic -y), 



(1) 



where the coordinates x, y, and z are given in the basis 
of the crystal axes a,b, and c. The vectors li and I2 
are orthogonal unit vectors within the ab-plane. Conse- 
quently, the vector of the exchange structure n=li x 1 2 
is parallel to the c-axis. The values of the lattice 
parameters a, b and c, and the coordinates of lithium 
and vanadium ions where taken from reference Il4l For 
the value of the ordered magnetic moment [i OT d of cop- 
per ions we took 0.31 /j,b as it was obtained in referenced- 

H<H cl : 

The dipole field at the 7 Li nuclei depends on their 
positions within the incommensurate spiral magnetic 
structure. In the upper panel of Fig. \W\ the projections 
of dipole fields on the a-, b-, and c-axes are plotted as 
a function of the phase of the spiral magnetic structure. 
From these fields it is simple to simulate the expected 
NMR spectra for all three directions of the applied 
magnetic field H with respect to the crystallographic 
axes. The lower panel of Fig. [TBI shows computed spectra 
(solid lines) and experimental data (symbols) for the 
frequency of 22 MHz. This computation was performed 
with a Lorentzian shape of the NMR spectrum which 
is produced by the group of 7 Li nuclei experiencing the 
same value of the effective local magnetic field. The line 
width of this Lorentzian-shaped spectrum was assumed 
to be equal to 75 Oe. This value of the line width 
is consistent with the line width in the paramagnetic 
phase of the low-field range (Fig. [TTJ. The computed 
NMR spectra are in a very good agreement with the 
experimental spectra. That means that the effective 
local fields at the 7 Li nuclei are predominantly defined 
by long-range dipole fields, and we should be able to 
specify the magnetic structures of LiCuV04 for elevated 
applied magnetic fields H > H c \, 

H c i < H < H C 2'. 

The most natural magnetic transition taking place with 
increasing applied magnetic fields H is the spin-flop 
transition, i.e. the rotation of the plane of the spiral 
spin structure perpendicular to the direction of the 
applied magnetic field H. Therefore, for H || c there 
will be no spin reorientation expected. Indeed, the 
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experiment exhibits nearly the same pattern of the NMR 
spectra for H || c at all frequencies 22 MHz, 50 MHz, 
and 100 MHz, corresponding to applied magnetic fields 
around H c \ « 25 kOe (cf. Fig. [T"4"J . Applying a magnetic 
field H > H c i parallel to the a- and b-axes may result 
in a rotation of the magnetic structure and the line 
shapes concomitantly can change. Figure [T7] shows 
the results of the computation of the NMR spectra 
for these structures together with the experimental 
NMR spectra measured at the frequency of 50 MHz. 
The computation and experiment show that the spin 
reorientation drastically broadens the NMR spectra for 
H || b, and nearly no change is observed for H || a. 
This magnetic structure is maintained up to applied 
magnetic fields H » 60.5 kOe < H C 2, as it is seen from 
the NMR spectra pattern at 100 MHz/60.5 kOe in figure 
[T"4l Thus for H c \ < H < H C 2, the magnetic structure 
exhibits the spiral plane to be perpendicular to the 
applied magnetic field H || n (cf. Eq. [TJ for H || b and 
H || c, respectively. The agreement of the experimental 
and computed spectra only was possible to obtain 
in the case of an antiferromagnetic alternation of the 
magnetic moments of neighboring ab-planes (cf. Fig. [2J. 

H > H c2 : 

A more complicate situation occurs at high fields H > 
H C 2'. the NMR spectra of 7 Li nuclei in this field range 
consist of one single line for all field directions (cf. the 
uppermost panel in Fig. I14|) . indicating a second spin 
reorientation process to take place. For the high field 
range H > H C 2 it was possible to measure NMR spec- 
tra of the 51 V nuclei, too. To understand the nature of 
the effective local field at the 51 V nuclei we computed 
the long-range dipole field at the vanadium site for the 
paramagnetic phase. The computed dipole field is -0.44 
kOe/fiB for the direction of the applied field H parallel to 
the b-axis. But the value of the hyperfine coupling con- 
stant 51 A|| h =4.95 kOe/nB is about ten times larger as we 
obtained in reference [lfl. Thus we can conclude that the 
main part of the effective local field at the 51 V nuclei is 
defined by contact fields. The value of the effective con- 
tact field induced by copper ions at vanadium nuclei can 
be evaluated as 5.4(7*T+7*2+7*3+M4)/4 kOe//is- Here we 
take into account only the four nearest magnetic copper 
ions from the nearest neighboring ab-plane (Fig. [2]). 

The characteristic broad NMR spectra of 51 V nuclei 
(Fig. [15]) in the 3D magnetically ordered phase for 
H > H C 2 indicate a modulation of the projection of the 
Cu 2+ moments on the direction of the applied field H. 
A more simple way to describe these modulation is to 
suppose that at H C 2 the spiral planar magnetic structure 
orients to be parallel to the applied field H (i.e., n _L H). 
We computed the value of the effective local fields at the 
51 V nuclei using the same parameters kj C and /i rd of 
the spiral magnetic structure at zero applied field H=0. 
The computed NMR spectra with these parameters are 
shown in the lowest panel of figure [T5l Again, this com- 
putation was performed with a Lorentzian shape of the 



NMR spectrum which is produced by the group of 51 V 
nuclei experiencing the same value of the effective local 
magnetic field. The line width of this Lorentzian-shaped 
spectrum was assumed to be equal to 150 Oe. Note that 
the computed NMR spectra better fit, if the value of /Lt or d 
is increased and/or the value of ki C is decreased. 

Changing again to the 7 Li NMR spectra for H > H C 2 
(cf. upper panel in Fig. [T8|) . the unsplit line shapes of the 
NMR spectra suggest the following magnetic structures 
which are deduced from computations of dipole fields for 
different planar spiral structures: for H | c, the best fit 
is obtained for n || b. For H || (a, b), the plane of the spi- 
ral structure lies within the ab-plane (i.e., n || c). In the 
lower panel of Fig. [TH]the results of the computed NMR 
spectra are shown for these spiral structures. For field 
orientations parallel to the a- and b-axes, the computed 
spectra exhibit some splitting of the spectra shape con- 
trary to the experiment. Due to this lack of any splitting 
of the experimental spectra for H > H C 2 we conclude 
that not the spiral-, but a spin-modulated structure is 
realized, i.e. the spin projections perpendicular to the di- 
rection of the applied field H are disordered. The NMR 
spectra computed for this spin-modulated structure are 
shown in the same figure (dashed lines in the lower panel 
of Fig. [THJ. All spectra for this structure are unsplit. 
This computation was performed with a line width of 
150 Oe of the Lorentzian-shaped NMR spectrum which 
is produced by the group of 7 Li nuclei experiencing the 
same value of the effective local magnetic field. In order 
to achieve a better fit for field directions H || (b,c), this 
value of the line width has to be increased by a factor of 
2.8. At first glance this increase seems to be arbitrary, 
but on closer inspection of the experimental spectra in 
the paramagnetic phase (uppermost panel of Fig. I13p . 
the spectral line widths for field directions H || (b, c) arc 
also significantly increased compared to H || a. 



VII. DISCUSSION OF AFMR EXPERIMENTS 

For low applied magnetic fields H < H c i, the au- 
thors of Ref. |2| propose the planar spiral structure for 
the magnetic structure of LiCuV04 in the 3D magnet- 
ically ordered phase. This structure was found to be 
defined by strong exchange interactions within the mag- 
netic chains^ Our results of the NMR and susceptibility 
X investigations can be explained on the same footing. 
The results of EPR (Ref. El) and AFMR (this work) hint 
towards an uniaxial character of the crystal anisotropy 
in LiCuV04. These observations motivate to discuss the 
low-field AFMR data in the assumptions of an exchange- 
rigid planar uniaxial magnetic structure with an uniax- 
ial crystal anisotropy, which is directed along the c-axis. 
Thus, we will suppose that the susceptibility of the ex- 
change structure will be defined by two values xil an d 
X±, i.e. along and perpendicular to the vector of the 
exchange structure n (cf. Eq. [TJ, respectively. The 
anisotropy energy within this model can be written in a 
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form /3n 2 z /2 (fi < 0). The NMR and AFMR data reveal 
a magnetic transition at H c \ , if the magnetic field H is 
applied parallel to the ab-plane. This implies that x\\ is 
larger than x_l , and the transition field can be described 
as H 2 cl = 6J(x± -X||)- 

In Ref. [la, the low-frequency branches of the AFMR 
spectra for noncollinear complanar structures with an 
uniaxial anisotropy were obtained in the framework of 
a phenomenological theory according to reference 
The spectra of acoustic modes consist of three branches, 
which correspond to three rotational degrees of freedom. 
In the case of an uniaxial exchange structure, one branch 
out of these three branches must be zero (z^=0), which is 
attributed to the rotational degree of freedom of the ex- 
change structure around the n-axis. The frequencies of 
the two other branches can be obtained from the square 
equation: 

(yhf - (vhf{H 2 + V 2 H 2 cos 2 (9 - <f) (2) 
+J/fl?i(3 cos 2 9-1)} + ri{-H 2 cl cos 2 6 
-H 2 cos 2 (e - <t))}{-r)H 2 cl cos 29 
-riH 2 cos 2 (6» -4>)-H 2 sin 2 ((9 - <£)} = 0, 

where 7 = gn B /2irh, 77= {x\\-X±)/x± and 4> = Z(H,c) is 



FIG. 18: Upper panel: experimental 7 Li NMR spectra mea- 
sured at T = 0.6 K and H > H C 2- The applied magnetic field 
H was oriented along all crystallographic axes a, b, and c. 
Lower panel: computed NMR spectra for spiral- (solid lines, 
a, b, and c) and spin-modulated structure (dashed lines, a', 
b', and c'), respectively. 



the angle between the crystallographic c-axis and the 
direction of the applied magnetic field H. The angle 
9 = Z(n, c) is defined by: 



tan(20) = 



H 2 sin 2(f> 



H 2 cos(2</>) 



H 2 cl 



If the applied magnetic field is directed along the c-axis 
(H || c), both angles are zero (9=0, </>=0). Whereas, 



for H _L c, H < H cl 
for H _L c, H > H cl 



Q,<j> = ir/2, 
7r/2,0 = tt/2. 



At zero applied field H=0, the frequency of both oscil- 
lations must be v\,2 = lHci\/V- Taking the frequency of 
27±2 GHz of the AFMR at zero applied field and the 
field H c \ of the spin-flop transition to be i/ c i=25±3 kOe, 
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we obtain the parameter of the anisotropy of the ex- 
change susceptibility ?7=0.155±0.05, and the value of the 
anisotropy constant /3 = —0.01 K, recomputed on one 
copper ion. The results of the computation of the 'A', 
'B\ and 'C branches of the AFMR spectra for ?7=0.155 
are shown as solid lines in Figs. [6] and [7] The value of 
the anisotropy of the exchange parameter r\ is in satis- 
factory agreement with the value obtained from suscepti- 
bility measurements at low fields (FigH]). Note, the the- 
ory of AFMR spectra discussed above is developed in an 
exchange approximation with isotropic 7. For the com- 
puted spectra shown in Figs. [5] and [7] we used the values 
of 7|| = 3.25 GHz/kOe and j± = 2.85 GHz/kOe, which 
were measured in the paramagnetic phase. We can con- 
clude that this model describes the AFMR spectra within 
the low-field range (H <§; H C 2) very well. 

The magnetic phase H-T diagram of LiCuVC>4 is rich 
not only in field cut, but in temperature also. It seems 
that the establishment of the 3D magnetic order appears 
through some intermediate phase transition. This we 
conclude from the fact that the AFMR branch 'D' in 
Figs. [HI and [7] starts to be gapped at a temperature 
much higher than T N (~13 K) (Fig. [TUJ) - The finger- 
print of this transition around T — 13 K additionally has 
recently been detected in measurements of the tempera- 
ture dependence of the heat capacity^ where a peak of 
C(T) centered at T — 12 K has been reported. 



ments along the direction of the applied magnetic field 
H with an amplitude of « 0.4±0.1 hb- The best fit of 
7 Li NMR spectra is obtained based on a spin-modulated 
structure, i.e. the spin components of Cu 2+ perpendic- 
ular to the direction of the applied magnetic field H are 
disordered. 

The low-field phases for H < H C 2 observed in 
LiCuV04 are natural from the point of view of mean- 
field theory. The susceptibility of the exchange structure 
in the direction perpendicular to the a, b-plane is larger 
than the susceptibility within this plane. The competi- 
tion of the Zeeman energy and the energy of the crystal- 
field anisotropy explains the low-field transition observed 
at H c \. The second transition at the field of is un- 
usual. To explain this transition we have to assume that 
with an increase of the applied magnetic field that struc- 
ture starts to be preferable which exhibits the spin mod- 
ulation parallel to the direction of the applied magnetic 
field, rather than the structure with the spin plane be- 
ing perpendicular to the field direction. Probably, it is 
necessary to take into account the thermal and quantum 
fluctuations in order to explain the situation. For ex- 
ample, for the planar spiral structure on the triangular 
lattice it was found that some energy gain occurs for the 
orientation of spin plane to be parallel to the direction of 
the applied magnetic field^ 



VIII. CONCLUSION 

The NMR and AFMR results can be self-consistently 
described by the following phase diagram: 

H < H cl : n || c 
H cl <H < H c2 : n || H 

H c2 <H : h || H and 1 2 = 0, 

where the magnetic structures are described in terms of 
equation [T] It is important to note that for H > H C 2 
from our experiments we can conclude surely only about 
the presence of a modulation of projections of copper mo- 
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